The transcription factor GATA-1 plays a significant role in erythroid differentiation and association with CBP stimulates its activity by acetylation. It is possible that histone deacetylases (HDACs) repress the activity of GATA-1. In the present study, we investigated whether class I and class II HDACs interact with GATA-1 to regulate its function and indeed, GATA-1 is directly associated with HDAC3, HDAC4 and HDAC5. The expression profiling and our previous observation that GATA-2 interacts with members of the HDAC family prompted us to investigate further the biological relevance of the interaction between GATA-1 and HDAC5. Coexpression of HDAC5 suppressed the transcriptional potential of GATA-1. Our results demonstrated that GATA-1 and HDAC5 colocalized to the nucleus of murine erythroleukemia (MEL) cells. Furthermore, a portion of HDAC5 moved to the cytoplasm concomitant with MEL cell erythroid differentiation, which was induced by treatment with N,N 0 -hexamethylenebisacetamide. These observations support the suggestion that control of the HDAC5 nucleocytoplasmic distribution might be associated with MEL cell differentiation, possibly through regulated GATA-1 transactivation.
Introduction
Transcription factors recognizing the DNA consensus sequence motif (T/A) GATA (A/G) have been described as the GATA family, and six have been described in vertebrate species (Evans and Felsenfeld, 1989) . GATA-1, the first member of this multigene family to be characterized, is highly expressed in erythroid cells, mast cells, and megakaryocytes, and its expression plays a pivotal role in erythroid differentiation (Pevny et al., 1991; Weiss et al., 1994; Fujiwara et al., 1996) . GATA-1 is also expressed, at least at a low level, in multipotential progenitor cells (Crotta et al., 1990; Heberlein et al., 1992) , and in the Sertoli cells of the testis in young mice (Yomogida et al., 1994; Weiss and Orkin, 1995) . GATA-2 is expressed abundantly in immature erythroid progenitors and declines over the course of maturation (Orkin, 1992; Briegel et al., 1993; Leonard et al., 1993) . It is also found in pluripotent hematopoietic stem cells and nonhematopoietic tissues (Yamamoto et al., 1990) . GATA-3 is expressed to a high level during development of the kidney, the central and peripheral nervous system, and the T-cell compartment (George et al., 1994) among others. In addition, GATA-4, -5, and -6 have been described as a subfamily of GATA factors that are expressed in heart and endodermal derivatives (Laverriere et al., 1994) .
For many years, it was assumed that chromatin existed either in a transcriptionally active state in which the histones were acetylated, or in a repressed state in which the histones were not acetylated. Acetylation occurs at lysine residues on the amino-terminal tails of the histones, thereby neutralizing their positive charge and decreasing their affinity for DNA (Hong et al., 1993) . As a consequence, histone acetylation alters the nucleosome conformation (Norton et al., 1989) , and this can increase the accessibility of transcription regulatory proteins to the chromatin template (Lee et al., 1993; Vettese-Dadey et al., 1996) . A number of transcriptional coactivators, including GCN5 , TAF250 (Mizzen et al., 1996) , CBP/p300 (Ogryzko et al., 1996) , PCAF (Yang et al., 1996b) , ACTR (Chen et al., 1997) , Tip60 (Yamamoto and Horikoshi, 1997) , and SRC-1 (Spencer et al., 1997) , possess intrinsic histone acetyltransferase (HAT) activity or have the ability to recruit proteins with such activity.
A number of histone deacetylase (HDAC) enzymes were identified almost concurrently with the HATs. To date, 18 HDAC types have been identified and grouped into three classes. Class I HDACs (HDAC1, HDAC2, HDAC3, and HDAC8) are homologous to the yeast Rpd3. The members of this family are generally small, ranging from approximately 350 to 500 amino acids in size and are located primarily in the nucleus (Taunton et al., 1996; Yang et al., 1996a Yang et al., , 1997 Emiliani et al., 1998; Hu et al., 2000) . Furthermore, this HDAC class has been studied extensively, and it is now widely accepted that they are recruited by DNA-binding factors to bring about transcription repression or gene silencing (Knoepfler and Eisenman, 1999; Cress and Seto, 2000; Ng and Bird, 2000) . For example, HDAC1 and HDAC2 have been shown to associate with two specific complexes. The NRD complex contains CHD4, a human SWI/SNF homologue, which functions in ATP-dependent chromatin remodeling (Tong et al., 1998; Zhang et al., 1998) . A second HDAC1/2 complex contains the corepressor mSin3A and has been shown to mediate the repression of a variety of DNA-binding transcription factors (Pazin and Kadonaga, 1997) . Class II HDACs (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9, HDAC10, and HDAC11) are similar to the yeast Hda1. The members of this family are generally large (except for the recently reported HDAC11; Gao et al., 2002) , ranging in size from about 650 to 1200 amino acids and these enzymes are considered to shuttle actively between the nucleus and the cytoplasm (Wade, 2001) . A good example is HDAC4 and HDAC5 during muscle cell differentiation (Grozinger et al., 1999; Wang et al., 1999) . HDAC4 and HDAC5 are associated with 14-3-3 at three phosphorylation sites; this interaction sequesters HDAC4 and HDAC5 in the cytoplasm and the loss of 14-3-3 binding allows HDAC4 and HDAC5 to shuttle into the nucleus (Grozinger and Schreiber, 2000) . Once in the nucleus, they associate with myocyte enhancer factor-2 (MEF2) and inhibit muscle differentiation. The prototype of the class III HDACs is the yeast Sir2 and this family of proteins comprises NAD-dependent deacetylases (Shore, 2000) .
There are examples of protein-protein interactions in erythroid cells that result in functional synergy, including GATA-1 and Friend of GATA-1 (FOG-1), a potent coactivator of CBP and GATA-1 (Tsang et al., 1997; Blobel et al., 1998) . On the other hand, there are examples of inhibitory interactions. The transcription factors GATA-1 and c-Myb each inhibit the transcriptional activity of the other (Takahashi et al., 2000) . PU.1 blocks DNA binding of the GATA-1 and blocks GATA-1-dependent erythroid cell differentiation . We reported recently that GATA-2 interacts with some HDACs, HDAC3 in particular, to repress the transcriptional activity of GATA-2 (Ozawa et al., 2001) . We therefore speculate that the possible interaction of GATA-1 with HDACs may contribute to the repression of GATA-1 transactivating potential and thus inhibit erythroid differentiation. In the present study, we demonstrate that certain HDACs interact specifically with GATA-1 in MEL cells. Furthermore, HDAC5 changes its cellular localization and degree of interaction with GATA-1 according to the level of erythroid differentiation.
Results

GATA-1 interacts with HDAC1, HDAC3, HDAC4, and HDAC5
We examined whether GATA-1 interacts with HDACs in mammalian cells. His-tagged HDAC1 or HDAC3 and GATA-1 were coexpressed in COS cells and the interaction was studied using immunoprecipitation assays. Whole-cell extracts were immunoprecipitated with anti-GATA-1 antibody, then the precipitates were analysed by immunoblotting with anti-X-press antibody. We reported previously that among HDAC family members, GATA-2 interacted selectively with HDAC3 and HDAC5 (Ozawa et al., 2001) . Firstly, we examined the selectivity of HDAC isozymes for GATA-1. Unexpectedly, GATA-1 interacted not only with HDAC3, but also with HDAC1 ( Figure 1a) . Next, we examined the interaction between GATA-1 and the class II HDACs. Flag-tagged HDAC4, HDAC5, or HDAC6 was expressed in COS cells in the presence of GATA-1 and coimmunoprecipitation (co-IP) was performed. Whole-cell extracts were immunoprecipitated with anti-GATA-1 antibody, followed by immunoblotting with anti-Flag antibody. GATA-1 interacted with HDAC4 as well as HDAC5, but not with HDAC6 ( Figure 1c ). To further confirm the interaction, a reciprocal coimmunoprecipitation assay was performed. This confirmed that GATA-1 was co-IP with HDAC1, HDAC3, HDAC4, and HDAC5 but not with HDAC6 ( Figure 1b, d ).
GATA-1 binds to HDAC3, HDAC4, and HDAC5 but not to HDAC1 in vitro
The possibility of a direct interaction between GATA-1 and the HDACs that interacted with GATA-1 in COS cells was investigated. Fusion proteins containing glutathione S-transferase (GST) fused to GATA-1 were expressed in bacteria and their interaction with in vitrotranscribed/translated HDAC1, HDAC3, HDAC4, and HDAC5 was examined. Using pull-down assays, a direct interaction of GATA-1 with HDAC3, HDAC4 and HDAC5 was confirmed, whereas an interaction with HDAC1 was undetectable. Repeated independent pull-down assays, with modified pull-down buffer and washing buffer conditions, consistently failed to demonstrate the interaction between GATA-1 and HDAC1 (data not shown). These results suggest that GATA-1 associates directly with HDAC3, HDAC4, and HDAC5, but interacts with HDAC1 by an indirect mechanism (Figure 2a, b) .
HDAC5 was expressed at a high level in the nuclear extract of MEL cells Among HDAC family members, HDAC4 and HDAC5 are both categorized to class II HDAC and highly related proteins at the amino-acid sequence level and critical to muscle cell differentiation. However, preliminary immunoblot analysis showed the minimal expression of HDAC4 compared to reasonably high expression of HDAC5 in MEL cells (data not shown). We then focused on HDAC5. Next, the expression of HDAC3 and HDAC5 in hematopoietic cell lines was examined. Extracts were prepared from the leukemia cell lines KASUMI-1, NB4, and MEL. The cytoplasmic and nuclear lysates derived from KASUMI-1, NB4, and MEL were adjusted to 250 mg and samples were analysed by Western blotting using antibodies specific to each. HDAC5 was expressed mainly in the nuclear extracts and expression was weak in the cytoplasmic fraction of all three cell lines. Furthermore, compared to the myeloid cell lines, HDAC5 was highly expressed in MEL cells. In contrast, HDAC3 was comparatively highly expressed both in the nucleus and cytoplasm of all three cell lines examined ( Figure 3 ). HDAC5 was therefore the focus of further experiments.
HDAC5 represses transcriptional activity of GATA-1
In the light of the association of GATA-1 with HDAC5, the functional consequences of this interaction for the activity of GATA-1 were investigated further. The effect of HDAC5 on GATA-1-directed transcriptional activity was examined using a luciferase reporter gene contain- (5 mg) into COS cells. Whole-cell lysates were prepared and immunoprecipitation was performed with anti-GATA-1 antibody overnight at 41C. The immunoprecipitates were subjected to immunoblot analysis with anti-X-press antibody. The input represented 5% of the whole-cell lysate used for each immunoprecipitation for the confirmation whether each class I HDAC was highly expressed. (b) The same cell lysates described in (a) were immunoprecipitated with anti-X-press antibody followed by immunoblot analysis with anti-GATA-1 antibody. (c) pcDNA 3.1 GATA-1 (5 mg) was cotransfected with either Flag-HDAC4 (5 mg), Flag-HDAC5 (5 mg), or Flag-HDAC6 (5 mg) into COS cells. Whole-cell lysates were prepared and immunoprecipitated with anti-GATA-1 antibody overnight at 41C. The immunoprecipitates were subjected to immunoblot analysis with anti-Flag antibody.
The input represented 5% of the whole-cell lysate used for each immunoprecipitation. (d) The same lysates described in (c) were immunoprecipitated with anti-Flag antibody followed by immunoblot analysis with anti-GATA-1 antibody ]methionine-labeled HDAC4 or HDAC5 translated in vitro was incubated with GST-GATA-1 fusion protein or GST protein alone and pulled down with GSTagarose beads. After four washes, the precipitates were separated by SDS-PAGE and visualized by autoradiography. The input represented 4% of the in vitro-translated HDAC proteins used in the pull-down assay Change of interaction between HDAC5 and GATA-1 K Watamoto et al ing a double GATA element derived from the murine GATA-1 promoter (GATA-1/Luc.). Using this reporter system in COS cells, GATA-1 showed an approximate threefold increase in luciferase activity. The cotransfection of an HDAC5 expression vector repressed the transactivation potential of GATA-1 in a dose-dependent manner (Figure 4a ). To further confirm the repression effect of HDAC5 on GATA-1 transcriptional activity, we used another GATA reporter gene. In this construct, two copies of back-to-back double GATA sites in the mouse CD34 promoter were placed upstream of the b-globin minimal promoter to drive expression of the luciferase gene (CD34 Â 2/Luc.). This reporter showed that GATA-1 stimulated transcriptional activity approximately 3.7-fold compared to the empty vector, which was also repressed by the coexpression of HDAC5 (Figure 4b ). Under these conditions, expression of GATA-1 was not changed by cotransfection with HDAC5; this was confirmed by immunoblotting, the same method as shown in Figure 1 (data not shown).
Amino-terminal zinc-finger of GATA-1 is required for HDAC5 binding
To determine the region of GATA-1 required for interaction with HDAC5, various deletion constructs of GATA-1 were produced ( Figure 5a ) and tested for both in vivo and in vitro assays. Deletion constructs of GATA-1 and HDAC5 were coexpressed in COS cells and the immunoprecipitation assay was performed. The intensity of expressed proteins from immunoblot was quantified by NIH image. The intensity of GATA-1 band co-IP by Flag-HDAC5 was compared to that of input GATA-1 band and relative ratio was calculated. The relative ratio of co-IP GATA-1/input GATA-1 was 1 (GATA-1 full) : 0.96 (GATA-1 N-287) : 0.53 (GATA-1 N-257) : 0 (GATA-1 N-199). The result indicated that the portion comprising amino acids 199-257, which contains amino-terminal zinc-finger, was mainly required for HDAC5 binding in vivo (Figure 5b, c) . This was strictly consistent as confirmed by repeated experiments. The role of C-finger (amino acids 257-287) in HDAC5 interaction is not clear at present. Next, deletion constructs of GATA-1 fused to GST were produced in bacteria and their interaction with in vitrotranscribed/translated HDAC5 was examined. Using pull-down assay, we confirmed that amino-terminal zinc-finger of GATA-1 was essential for direct interaction with HDAC5 in vitro in consistent with the data in vivo (Figure 5d ).
Decreased association between GATA-1 and HDAC5 during erythroid differentiation of MEL cells
Since HDAC5 was co-IP with GATA-1 in extracts from COS cells overexpressing both proteins, this interaction would also be expected to occur in hematopoietic cells expressing a high level of GATA-1. The MEL cell line was used firstly because of its high GATA-1 expression and secondly due to its susceptibility to inducers of ) were conducted using a luciferase reporter containing two copies of back-to-back double GATA sites from the mouse CD34 promoter (CD34 Â 2/Luc., 5 mg), together with GATA-1 (pcDNA3.1 GATA-1, 3 mg) and HDAC5 (pcDNA3.1 HDAC5, 3 mg or 7mg as indicated)
Change of interaction between HDAC5 and GATA-1 K Watamoto et al erythroid differentiation such as HMBA. The differentiation of MEL cells was confirmed by benzidine assay after 72 h in culture with 3 mm HMBA, as reported previously (Conscience et al., 1977) . The nuclear extract from MEL cells was immunoprecipitated using an antibody to GATA-1, then analysed by immunoblotting with anti-HDAC5 antibody. As expected, HDAC5 was co-IP by anti-GATA-1 antibody, but not by preimmune immunoglobulin. Intriguingly, the association of GATA-1 with HDAC5 decreased significantly over the course of MEL cell differentiation (Figure 6a ). Successful immunoprecipitation of GATA-1 was confirmed by reprobing the blot with anti-GATA-1 antibody (Figure 6b ). The slower migratory band (top band) in lanes 3-5 is derived from the heavy chain of rat IgG.
GATA-1 and HDAC5 colocalize but dissociate during MEL cell differentiation
To verify the interaction between GATA-1 and HDAC5 in MEL cells, we examined their colocalization in the nuclei using confocal microscopy. As reported, GATA-1 existed predominantly in the nucleus, and this was detected by immunofluorescence using anti-GATA-1 antibody. HDAC5 was localized mostly in the nucleus with smaller amounts detected in the cytoplasm by immunofluorescence using anti-HDAC5 antibody. The colocalization of GATA-1 and HDAC5 in the nucleus was clearly observed when the two confocal images were superimposed (Figure 7a ). Strikingly, some of the HDAC5 moved from the nucleus to the cytoplasm of the MEL cells after the 72 h treatment with 3 mm HMBA. In accordance with the differential distribution of HDAC5, the colocalization of GATA-1 and HDAC5 apparently decreased when the two confocal images were merged (Figure 7b ).
Discussion
The transcription factors GATA-1 and -2 are both expressed in erythroid cells. Knockout experiments have shown that GATA-1 is essential for the survival and terminal differentiation of erythroid precursors (Tsai et al., 1994; Weiss et al., 1997) . GATA-2 functions in the earlier stages of differentiation, since it appears to be required for the self-renewal, proliferation, and survival
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GATA-1 (full) GATA-1 (full) (N-287) of early hematopoietic cells (Tsai and Orkin, 1997) . So, the expression patterns of GATA-1 and -2 throughout development are characteristically distinct. Furthermore, increased GATA-1 expression downregulates expression of GATA-2, while increased GATA-2 expression has no effect on the levels of GATA-1 (Ikonomi et al., 2000) . It has been reported that GATA-1 is acetylated by CBP/p300 HATs, and its acetylation is essential for erythroid differentiation (Boyes et al., 1998) . We observed that GATA-2 is also acetylated by HATs in vitro and in vivo (F Hayakawa and M Towatari, unpublished data). In contrast, the association with HDACs and the consequences of this interaction are poorly understood. Furthermore, most reports did not investigate the selectivity of HDACs. We reported recently that GATA-2 interacts with HDAC3 and HDAC5 and its activity is repressed by association with HDAC3 (Ozawa et al., 2001) . Although HDAC5 is highly homologous to HDAC4 (51% identity and 63% similarity), among class II HDACs, HDAC5 (not HDAC4) was consistently co-IP with GATA-2. This suggests that HDAC4 and HDAC5 may execute different functions in hematopoietic cells partly through their interactions with different partners. In the present study, we demonstrated that GATA-1 interacts specifically with HDAC3, HDAC4, and HDAC5. Among them, HDAC4 and HDAC5 shuttle between the nucleus and the cytoplasm and this process is regulated by 14-3-3 proteins (Grozinger and Schreiber, 2000) . Despite their extensive sequence homology, the subcellular localization of HDAC4 and HDAC5 is differentially regulated by 14-3-3 proteins (Bertos et al., 2001 ). This observation also supports the hypothesis that HDAC4 and HDAC5 perform different functions. We showed that HDAC5 interacts with both GATA-1 and -2. This prompted us to further investigate relevance of HDAC5 interaction.
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In the present study, we showed that HDAC5 reduced the transactivating potential of GATA-1 in a dosedependent manner. This may support the concept that HDAC5 regulates GATA-1 transcriptional activity via a direct interaction. Furthermore, we showed clearly that the amino-terminal zinc-finger of GATA-1 was the site for direct interaction with HDAC5. The fact is on line with the report that FOG-1 binds specifically to the amino-terminal zinc-finger of GATA-1; the minimal interaction site was essential for normal erythropoiesis (Crispino et al., 1999) . These facts further strengthen our speculation that HDAC5 may inhibit normal erythroid cell differentiation.
Next, the change of association between GATA-1 and HDAC5 concurrent with differentiation was investigated. Since the differentiation of MEL cells occurs easily on culture with 3 mm HMBA, these cells were selected for the experiments. To investigate whether endogeneous GATA-1 and HDAC5 actually interact with each other, we performed an immunoprecipitation assay. Interestingly, the degree of interaction changed according to the extent of differentiation. Subcellular localization experiments indicated that GATA-1 and HDAC5 were colocalized in the nucleus of untreated MEL cells. Strikingly, part of HDAC5 was exported to the cytoplasm from within the nucleus when MEL cells were treated with 3 mm HMBA. This phenomenon resembles the nuclear-cytoplasmic shuttling of HDAC4 and HDAC5 in myogenesis. However, the altered distribution from nucleus to cytoplasm is not so complete in the present example as in myocyte differentiation. This may be partly due to the incomplete . The association of MEF2 with HDAC4 and HDAC5 results in the repression of MEF2 target genes and the inhibition of myogenesis. Similarly, GATA-1 is critical for the terminal differentiation of erythroid precursors and the possibility exists that the association of GATA-1 with HDAC5 may repress GATA-1 target genes and inhibit erythroid cell differentiation. In fact, using a conventional reporter assay we showed that HDAC5 could repress the transcriptional activity of GATA-1. Emerging data depict HDACs as primary agents for the execution of changes in gene expression. Interestingly, class II HDACs tend to repress the genes crucial for differentiation, and their nuclear accumulation can lead to transcriptional silencing of those same genes and a loss of the differentiated phenotype (Wade, 2001) . The results presented here demonstrate that HDAC5 may restrain the activity of GATA-1, thus preventing the terminal differentiation of MEL cells. This suggestion may be further strengthened by the observation that HDAC5 dissociated from GATA-1 during MEL cell differentiation as demonstrated by co-IP assay and confocal microscopy.
The class I HDACs have been studied extensively, and it is now widely accepted that they are recruited by DNA-binding factors for transcription repression or gene silencing. However, there are few reports describing concrete functional analysis of class II HDACs with the exception of the study on MEF2. We speculate that the interaction between HDAC5, a class II HDAC family member, and GATA-1 is critical for erythropoiesis. In future, elucidating such mechanisms will be helpful not only for understanding hematopoiesis in healthy individuals, but also for elucidating the therapeutic potential of the deacetylase inhibitors in 'transcription therapy' for human hematopoietic diseases caused by disordered transcription.
Materials and methods
Cell culture
Cell lines used in this study were cultured in RPMI 1640 medium or Iscove's modified Dulbecco's medium containing 10% (15% in MEL cells) fetal calf serum (FCS). Using the same way as in Figure 6 , each cells were pelleted and divided into nuclear extracts and cytoplasmic extracts. Proteins were unified into 250 mg using Protein Assay Reagent (Bio-Rad Laboratories), then analysed by Western blotting using anti-HDAC5 antibody and anti-HDAC3 antibody (BD Transduction Laboratories). Induction of MEL cell differentiation was carried out by supplementing cultures with 3 mm N,N 0 -hexamethylenebisacetamide (HMBA) (Aldrich Chemical Company, Inc.) for 72 h. The benzidine test for the identification of hemoglobin-positive cells upon induction was performed according to Orkin et al. (1975) . Under the condition, approximately 40-50% of MEL cells were positive for benzidine staining, while cell viability was similar between HMBA-treated cells and nontreated control for 72 h as revealed by Trypan blue dye exclusion method.
Expression plasmids
The full-length murine GATA-1 complementary DNA (cDNA) was generously provided by SH Orkin. The fulllength human HDAC1 and HDAC3 cDNA are kind gifts from K Tamai and T Miyazaki (MBL, Nagano, Japan). His-HDAC1 and His-HDAC3 were constructed using appropriate restriction sites in pcDNA3.1-His expression vector (Invitrogen, Carlsbad, CA, USA). The Flag-tagged expression vectors for human class II HDACs (HDAC4, HDAC5, and HDAC6) were kindly provided by SL Shreiber (Harvard University, Cambridge, MA, USA). The full-length HDAC4, HDAC5, and HDAC6 were excised and introduced in pcDNA3.1 expression vector.
Protein interaction assay in COS cells
COS cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% FCS. COS cells (5 Â 10 5 ) grown in 10 cm diameter plates were transfected with the indicated expression plasmids. The total amount of plasmids was equalized by addition of the corresponding empty vectors. Transfection was carried out using the Lipofectamine 2000 reagent (Gibco BRL, Rockville, MD, USA) in accordance with the manufacturer's instructions. At 48 h after transfection, cells were lysed in lysis buffer (50 mm Tris pH 7.6, 150 mm NaCl, 1 mm EGTA, 0.5% Nonidet P-40, 1 mm phenylmethylsulfonyl fluoride plus protease inhibitors). After preclear, immunoprecipitation assays were performed at 41C using anti-GATA-1 antibody (N6, Santa Cruz Biotechnology), anti-Flag antibody M2 in combination with avidin-agarose beads (Sigma Chemical, St Louis, MO, USA) or anti-X-press antibody (Invitrogen). After four washes with the lysis buffer, immune complexes were analysed by Western blotting using the indicated antibodies as described previously (Towatari et al., 1995) .
Pull-down assay
Fragments of cDNA encoding mGATA-1 were produced using convenient restriction enzymes and then cloned into the GST fusion vector pGEX-30 (Pharmacia LKB Biotechnology Inc.). The GST constructs were transformed into the Escherichia coli strain BL21 and the GST fusion proteins were obtained according to the manufacturer's instructions. HDAC1, HDAC3, HDAC4, and HDAC5 were transcribed and translated in vitro in the presence of [ 35 S]methionine by using the T7-coupled reticulocyte lysate system (Promega, Madison, WI, USA) in accordance with the manufacturer's instructions. For pull-down assay, equal amounts of the GST fusion proteins were incubated with the HDAC in vitrotranscribed/translated reaction mixture in phosphate-buffered saline (PBS). After 1 h at 41C, the beads were washed four times with a buffer (20 mm Tris pH 8.0, 100 mm NaCl, 1 mm EGTA, 0.1% NP-40) and resuspended in 2 Â sodium dodecyl sulfate (SDS) sample buffer. Proteins were then separated by SDS-polyacrylamide gel electrophoresis (PAGE) before autoradiography.
Transactivation assays
A luciferase reporter plasmid in which a murine GATA-1 promoter (bases À798 to À574) containing a double GATA site was arrayed upstream of the b-globin minimal promoter (designed as GATA-1/Luc.), a gift from M Yamamoto (Tsukuba University, Tsukuba, Japan). A luciferase reporter plasmid in which two copies of back-to-back double GATA sites in the mouse CD34 promoter were placed upstream of the b-globin minimal promoter driving the luciferase gene (designated CD34 Â 2/Luc.) was generated as described (Tsuzuki et al., 2000) . The COS cells (5 Â 10 5 /100-mm diameter plate) were transfected with the indicated expression plasmids. Cell lysates were prepared 48 h after transfection and assayed for luciferase activity using a luciferase assay system (Promega) according to the manufacturer's instructions. Total amounts of plasmids used for transfection were equalized by the addition of the corresponding empty vectors. Transfection efficiency was normalized on the basis of b-galactosidase activity expressed from cotransfected pCMV/b-gal plasmids (Promega). The relative luciferase activities presented reflect triplicate values.
Protein interaction assay in MEL cells
MEL cells were cultured in RPMI 1640 medium containing 15% FCS. Cells were pelleted and resuspended in 1000 ml cold buffer (10 mm HEPES pH 7.9, 10 mm KCl, 0.05% NP-40 plus protease inhibitors) by flicking the tube. Then cells were rotated for 10 min at 41C. Samples were centrifuged for 10 min at 5000 r.p.m. at 41C, and supernatant fractions were saved as cytoplasmic extracts. The pellets were resuspended in 500 ml cold buffer (20 mm HEPES pH 7.9, 25% glycerol, 420 mm NaCl plus protease inhibitors) and were homogenized after being incubated for 30 min at 41C. Cellular debris were removed by centrifugation for 20 min at 15 000 r.p.m. at 41C and supernatant fractions were saved as nuclear extracts. In this study, nuclear extracts were obtained from 1.5 Â 10 8 cells. After preclear, immunoprecipitation assays were performed at 41C using anti-GATA-1 antibody, and the resulting immune complexes were collected with Protein G Sepharose 4 Fast Flow. The beads were collected by centrifugation and washed four times with cold buffer (20 mm Tris pH 7.9, 20% glycerol, 100 mm KCl plus protease inhibitors) and then analysed by Western blotting using anti-HDAC5 antibody (HDAC5 H-74, Santa Cruz Biotechnology, Inc. or HDAC5 Antibody, Cell Signaling). As anti-HDAC5 antibodies are unstable, we checked the result using both the antibodies.
Immunofluorescence and confocal microscopy MEL cells were cytospun onto glass slides and fixed in methanol for 5 min at room temperature. After blocking for 60 min at room temperature with PBS containing 3% nonfat dry milk, anti-GATA-1 rat antibody and anti-HDAC5 rabbit antibody were applied and incubated overnight at 41C. Then, they were washed three times with PBS and incubated with anti-rat immunoglobulin G conjugated with Alexa Fluor 488 (Molecular Probes) and anti-rabbit immunoglobulin G conjugated with Alexa Fluor 568 (Molecular Probes) for 60 min at room temperature. Images were acquired using 1024MRC BioRad microscope (Bio-Rad, Hercules, CA, USA) equipped with a krypton-argon laser and exported to a Power Mac computer for further processing with Adobe Photoshop.
